Abstract: This work reports photoluminescence evolution of hydrothermally homogeneous ZnO nanorods under thermal annealing at various temperatures. The crystalline structure and morphology of synthesized samples were characterized by X-ray diffractometry and Scanning Electron Microscopy. The optical properties induced by defect state transitions were investigated by photoluminescence emission. Besides defect states induced emissions in the visible range, the photocatalytic activity of annealed samples was evaluated which indicated that the higher visible photoluminescence intensity gives the better catalytic activity.
nanowire, nanorod is technically important due to the unipolar characteristics which could play a crucial role as interconnects in nanoscale electronic devices.
Among various synthesis means, the hydrothermal method is a cheap, safe and friendly-user technique which could easily fabricate uniform ZnO nanostructures. Hence, in this study, ZnO nano/microrods were one-pot hydrothermally synthesized, then thermal annealing treatment was carried out directly at different temperatures. Crystalline structure and morphology of fabricated samples were characterized by X-ray diffractometric (XRD) and Scanning Electron Spectroscopy (SEM). Photoluminescence (PL) emission was investigated at room temperature with an excitation wavelength of 325 nm. The photocatalytic activity of annealed ZnO samples was evaluated by UV-Vis (HACH 5000) system measuring the degradation of methylene blue in solution under natural sunlight irradiation.
Chemicals and fabrication process
Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, 99% Merck), Sodium hydroxide (NaOH, 99% Merck) and Hexamethylenetetramine (HMTA, Merck), bi-distilled water were purchased and/or used without further purification. The synthesis procedure was started with two solutions of NaOH 8g and Zn(Ac)2 4.39g obtained in distilled water 50 ml. Then these solutions were mixed in the presence of hexamethylenetetramine (HMTA) 0.024g at room temperature in 30 min of magnetic stirring. The clear solution was poured into a Teflon-lined autoclave and hydrothermally heated at 150 o C for 8 h. The autoclave was naturally cooled to room temperature (RT) and the white precipitate was washed with distilled water until pH reaches 7. Then, the powder was dried at 100 o C overnight. Finally, these samples were annealed at 400 o C, 700 o C, and 900 o C named as ZnO400, ZnO700 and ZnO900, respectively. The crystal structure and morphology of the synthesized ZnO microstructures were carried out via X-ray diffraction (XRD) and SEM, as shown in Fig. 1a , b, respectively. The main diffraction peaks implied that produced powders were highly single-phase hexagonal wurtzite structure, with average crystal size being 27.11 nm and lattice constants of a = 0.3249 nm and c = 0.5212 nm. This result is in the good agreement with JCPDS 36-1451 card [4] . There was no other peak of impurities observed.
Results and discussion

Structural and morphological analysis
In addition, according to Fig. 2b , the SEM images showed that the morphology of ZnO was homogeneously uniform rod-like shape with length of 16.0 -22.0 m and dimension ranged from 0.8 to 1.6 m. Photoluminescence is a suitable and nondestructive technique in order to determine radiative transitions in the band gap. In this study, PL measurements were performed at room temperature. In principle, the UV peak in the PL spectrum, at around 380 nm (3.26 eV) is related to the emission from the conduction band to the valence band. When as-prepared ZnO treated at different temperatures, ZnO400, ZnO700 and ZnO900, no UV peaks were observed in these samples. Besides the UV emission peak, visible emissions also are important as they relate to defect level transition in the material. Popular intrinsic defects in ZnO are zinc vacancies (VZn), zinc interstitials (Zni), oxygen vacancies (VO), oxygen interstitials (Oi) and their ionized states. In this study, visible bands were strongly observed ranged from 500 to 900 nm. In general, the as-prepared ZnO had two peaks at 597 nm (2.08 eV) and 635 nm (1.95 eV), while for the ZnO400 sample one peak at 654 nm (1.90 eV), for the ZnO700 sample: 660 nm (1.88 eV) and for the ZnO900 sample: 514 nm (2.41 eV) and 650 nm (1.9 eV) peaks have been observed (Fig. 2) . When the annealing temperature increased from 400℃ to 700℃, the emission intensity increased. On the contrary, the 900℃ annealed sample has the lowest visible emission intensity. From these results, it could be concluded that the thermal treatment had a great influence on the types and concentration of defects in ZnO nanostructures. Annealing process in the air could absorb oxygen on the surface of ZnO and brought ZnO into O-rich condition. Janotti et al. [5] suggested that zinc vacancies which act as deep acceptors can more easily form in n-type samples, due to its low formation energy, and particularly favorable in oxygen-rich conditions. In addition, excess oxygen atoms from air could be accommodated in the form of oxygen interstitial. Thus, contents of oxygen-related defects in annealed samples such as oxygen interstitial, and oxygen vacancy would be increased through thermal treatment at high temperature. The thermodynamic transition for native defects in ZnO based on Janotti calculation was shown in Figure 3 . To further investigate the intrinsic defects in synthetic ZnO samples by hydrothermal method and treated at different temperatures, Gaussian-resolved method was used for the visible bands in the PL spectrum. Results were shown in Figure 4 . Firstly, the green emission was observed in deep-level (DL) region at 525 nm (2.36 eV) and 514 nm (2.41 eV), respectively, in samples ZnO and ZnO900 (Fig. 4a and d) . According to studies by Vanheusden [6, 7] , the correlation between the intensity of the green luminescence and the concentration of VO based on the observation of a line with g ~ 1.96 in EPR measurement proposed for this emission. In addition, Leiter [8, 9] reported the green band around 2.45 eV with oxygen vacancies based on optically detected magnetic resonance experiments. Still, in the debate, Reynolds [10] and Kohan [11] have suggested that transition between the conduction band (or shallow donor) and the VZn are the sources of green band. Based on Janotti's calculation [5] , this transition would give rise to luminescence at around 2.4 -2.5 eV. Moreover, a strong argument in favor of zinc vacancies had been provided by strong passivation of the green emission by hydrogen plasma treatment in experiments of Sekiguchi [12] and Lavrov [13] who simultaneously observed an increase in vibrational modes associated with hydrogenated zinc vacancies. Hydrogen atoms as a donor passivated zinc vacancies which were reported as deep acceptors by forming O-H chemical bonds [13] . Secondly, due to the precursors ratio of Zn 2+ :OH -= 1:10, ZnO itself was in the oxygen-rich condition and then, the annealing in air also may inject additional oxygen into the ZnO lattice. Thus, defects as excess oxygen [14, 15] , Oi [16] or other complex defects [15, 17] were attributed to the yellow-orange emissions which were appeared in all samples and red-shifted with increasing the annealing temperature, i.e. 572 nm (2.17 eV), 575 nm (2.16 eV), 585 nm (2.12 eV) and 605 nm (2.05 eV) in ZnO, ZnO400, ZnO700 and ZnO900 respectively. Furthermore, the dominant emission peaks appeared in ZnO samples were in the red region at 654 nm (1.90 eV) in ZnO and ZnO400, 670 nm (1.85 eV) in ZnO700 would possibly be attributed to Oi(oct) 2-defect [5] . Thirdly, the radiative recombination of shallow donor with deep acceptor Oi could give rise to the NIR luminescence at 734 nm (1.69 eV) in ZnO400 and ZnO700, 711 nm (1.74 eV) in ZnO900 [18] . In this study, we also obtained an infrared emission. This peak occurs in as-prepared ZnO and ZnO treated at relatively high temperatures (ZnO700, ZnO900). We assumed that this emission might be assigned to Oi (oct). However, yellow -orange, red and other emissions appeared at shorter wavelength region are required further investigation. Table 1 . Summarized percentages of the PL spectra of ZnO nanostructures annealed at different temperatures de-convoluted by Gaussian distribution.
Photoluminescence analysis
Portion of defect contribution (%) Emission (nm) Origin As-prepared ZnO ZnO400 ZnO700 ZnO900 Green 495 -570
VZn [5] , [11] , [10] 2.91 525 nm 6.89 514 nm Yellow -Orange 570 -620
Excess oxygen [14] , [15] , Oi [16] or other complex defects [17] , [15] 
Photocatalytic activity
Photocatalytic activities of hydrothermal ZnO samples were evaluated by the degradation of Methylene blue (MB, ≥ 99%, Jinhuada) C16H18CIN3S.3H2O (M = 373.90 g.mol -1 ), a redox indicator used in chemical analysis, which has the most dominant peak at 664 nm. This solution is discolored in the redox environment. Hence, MB is often used to evaluate the photocatalytic ability of materials. The measurement process was as followed. Firstly, MB was dissolved in 1L of distilled water stored in a 1500 mL volumetric flask in a dark room to obtain a concentration C = 25.10 -6 (mol.L -1 ). Then, 20 mg of ZnO materials were added in 250 mL MB solution under vigorous stirring for 60 mins in dark at room temperature to get adsorption equilibrium. Finally, the solution was under direct sunlight irradiation and UV-Vis absorption measurement (DR 5000) was recorded after every 30 min of irradiation until 150 min. The photocatalytic efficiency for MB degradation could be calculated as [19] :
where C0 is the MB initial absorption value, and C is the MB absorption value at each time of measurement.
The absorption spectra of ZnO400 and ZnO700 were shown in Fig. 5 . As one can see, the photocatalytic activity of ZnO improves when ZnO was annealed at 700 o C. Fig. 6 showed the MB degradation at the most dominant peak (664 nm). After 150 min, the photocatalytic efficiencies of ZnO, ZnO400, and ZnO700 were 21%, 48%, and 79%, respectively. Then the thermal annealing has a great effect on photocatalytic activity of ZnO. When increasing the annealing temperature of ZnO until 700 o C, the PL intensity was increased routinely. Thus, the interaction of excited electrons in the environment was increased in the sample with higher annealed temperature which could be a reason to enhance the photocatalytic activity. 
Conclusions
In this study, homogeneous wurtzite ZnO nanorods were synthesized by a facile hydrothermal method. The resulted sample was annealed in air at different temperatures 400, 700, and 900 o C. The photoluminescence emission spectra of these samples showed that the intensity of the visible-range emission was increased with the temperature increased until 700 o C. The PL line shape of these samples was similar to each other indicating that they have the same emission origin. However, the deconvolution of PL emissions showed that the proportions of emission peaks were different. The photocatalytic activities of the samples in the degradation of MB solution have been evaluated and this showed that the higher intensity of PL emission gave better photocatalytic activity.
